The paper presents inuence of diverse shapes and dimensions of carbon nanostructures on physical properties of polymer composites. Graphene nanoplatelets, carbon nanotubes, graphite nanobers, and graphite microakes have been investigated as llers in polymethacrylate resin. Layers were deposited with printing techniques used in printed electronics technology such as screen printing and spray coating, both elaborated in our earlier works. Different sets of measurements have been performed for obtained layers with particular carbon nanollers. Thickness and topography have been examined using optical prolometer. Morphology of nanostructures has been observed with scanning electron microscope. Moreover, sheet resistivity and optical transmission in visible wavelength have been measured. Also mechanical properties have been characterized for each polymer composite by conducting fatigue test which consisted of multiple bending cycles.
Introduction
Carbon is one of the few elements known since antiquity, widely present in nature, and easy to acquire [1] . It was identied as a chemical element more than 200 years ago by Lavoisier as a elementary component of diamond and graphite [2] which are one of many known nowadays allotropes i.e. graphene, nanotubes, fullerenes, or lonsdaleit. Since the discovery of fullerenes, carbon nanotubes and graphene, researchers from many science disciplines have investigated carbon vastly. Fullerenes, nanotubes and graphite can be considered as dierent structures made with the same hexagonal array of sp 2 bonded carbon atoms named graphene [3] .
Relatively easy access to carbon, interesting mechanical, electrical, and optical properties, especially of nanotubes [4] and graphene [3] , resulted in investigations in carbon based electronics as an alternative to existing materials or innovative solutions, i.e. exible electronics.
Diverse applications of carbon nanotubes, graphene or graphite are described in literature. Carbon nanotubes and graphene are often used as transparent and exible electrodes [5, 6] [1315] . In our earlier works pressure sensors based on graphene nanoplatelets and carbon nanotubes were elaborated, then higher resolution on graphene based devices was observed [16] .
In this paper, double-walled carbon nanotubes (DWCNT), graphene nanoplatelets (GNP), graphite microplatelets (GMP) and graphite platelet nanobers (GNF) were investigated as electronic materials for printed electronics. Investigated layers were prepared using screen printing and spray coating methods. * corresponding author; e-mail: g.t.wroblewski@gmail.com 2. Experiment Two sets of samples were prepared, one with screen printing, second with spray coating method. Each set was prepared using DWCNT, GNP, GMP, and GNF llers in polymethyl methacrylate (PMMA) resin and butyl carbitol acetate (OKB) solvent. Coatings were made on polyethylene terephthalate (PET) foil which is an elastic and transparent substrate. Scanning electron microscopy (SEM) pictures of llers used in experiment were taken and are presented in Figs. 1a,b and 2a,b. Geometrical properties of investigated material are shown in Table I . Screen printing pastes were sonicated for 30 min at room temperature to achieve the uniformity of the ller (861) G. Wróblewski et al. Table II . Spray coating inks were sonicated for 30 min at room temperature to achieve the uniformity, then they were coated using our spray coating equipment. The air pressure was set on 0.3 MPa, the nozzle diameter was 0.5 mm and the distance between the nozzle and the substrate was 200 mm. Layers after deposition with screen printing and spray coating have been thermally cured in a dryer in 120
• C for 30 min. Table III are measured for wavelength λ = 550 nm. DWCNT layers showed the best transmission for all investigated wavelengths for both deposition methods. GNF and GMP screen printed layers were not transparent at all, but the same material while spray coated showed transmission around 20% for wavelength λ = 550 nm due to their openwork structure. GNP for both methods was transparent and showed the most at characteristic in measured wavelength range, which can be benecial for example in photovoltaic or display applications, however the transmission has to be improved. Overall spray coated layers showed better transmission than those made with screen printing irrespective to the carbon ller which can be seen from Fig. 3 . DWCNT layers showed the lowest sheet resistivity both for screen printing and spray coating methods. Spray coated GPM and GNF layers had higher sheet resistance which can be caused by lower layer thickness and lower ller content in inks in comparison to the screen printing pastes. Spray coated DWCNT and GNP layers had lower sheet resistance than those made with screen printing despite the smaller coating thickness, which can be caused by higher ller content.
Optical prolometry
The topography of prepared layers was measured with optical prolometer Veeco NT2000. Measured roughness parameters are shown in Table IV .
Spray coated DWCNT layers had the smallest Rp parameter, which in many applications is benecial as regard the susceptibility for electrical breakdowns. In other applications high Rp parameter (i.e. screen printed GPM) can be advantageous for example when there is a need of point charge congregation. Spray coated GNF has the smallest average Ra and root mean squared Rq roughness in contrast to screen printed GPM coating. 
Conclusions
All carbon based llers showed excellent mechanical stability under several bending cycles in fatigue test. Transparency was related to the thickness of the layer therefore to the deposition technique spray coated layers were much more transparent. Even layers made with opaque materials, while spray coated showed the transparency due to the openwork coating structure. Spray coated layers had also smaller sheet resistance for the same ller load, which was caused by smaller amount of polymer resin. Moreover spray coated layers had smaller dierences in transmission for particular wavelengths. DWCNT spray coated layers showed high transmission between 65% and 75% with sheet resistance near 10 kΩ/ and perfect mechanical stability which makes this coatings an excellent material for exible and transparent electrodes that can be used in displays or photovoltaics. Furthermore, spray coated DWCNT layers are made in non-rigorous laboratory environment, without harmful substances and in low temperature processes which makes them cheap and easy in industrial implementation.
